Fe-Pd binary alloy films with various alloy compositions (from 7.8 at% Pd to 77.1 at% Pd) were electrodeposited in a novel bath containing the ammonia solution and the ammonium tartrate as complexing agents by changing the bath composition and the current density. The chemical states of the deposited films were analyzed by using ESCA, and the crystallographic structures of deposited films with wide alloy compositions were determined by using XRD and HRTEM. The result indicated that the crystallographic structures of deposited films are theFe solid solution when the Pd content is below 14.3 at% Pd, the mixture of -Fe solid solution and (-Fe, Pd) solid solution with face-centered cubic structure when the Pd content is from 28.5 to 61.6 at% Pd, and the (-Fe, Pd) solid solution when the Pd content is from 69.5 at% to 77.1 at%.
Introduction
The occurrence of chemical ordering can have a significant influence on structural, electronic, and magnetic properties in many materials systems. 1) Example of recent interest are CoPt, 2) Fe-Pt 3) and Fe-Pd, 4) where strong interdependencies between magnetic and degree of long range chemical ordering have been observed. Therefore, Fe-Pd alloys, both in bulk and in thin film, have been the subjects of investigation by a number of researchers. [5] [6] [7] According to the thermal equilibrium phase diagram of Fe-Pd binary alloy system, 8) Fe-Pd binary alloy exhibits two order-disorder transformations from disordered face-centered cubic to ordered L1 0 structure at near the equiatomic composition or L1 2 structure around 75 at% Pd respectively. The L1 0 type alloy exhibits strong magnetic anisotropy along tetragonal distorted c axis direction and therefore is expected for applications for magnetic storage media. Moreover, the Fe-Pd alloy containing around 30 at% Pd exhibits martensitic transformation from fcc austenitic phase to bct martensitic phase. Since this martensitic transformation is induced by magnetic field 9) the Fe-Pd alloy is also expected for application for sensor and actuator, which can be driven by magnetic field.
The intent of the present study was to design a novel bath and effective deposition conditions for preparing Fe-Pd alloy thin film by using electrodeposition method. The crystallographic structure of Fe-Pd deposited film had been determined by using XRD and HRTEM.
Experimental Procedure
The plating bath concentration and electrodeposition conditions for Fe-Pd alloy are described in Table 1 . All solutions were prepared using distilled water and reagent grade chemicals. The plating cell was a beaker of 200 mL with agitation.
The copper foil with the thickness of 0.035 mm was used as substrate and the platinum film coated on the titanium mesh was used as anode material. The copper foils with the dimensions of 2 Â 1 cm 2 were electrochemically polished to a mirror finish surface. All samples were rinsed with distilled water, and dried by nitrogen gas before deposition.
The deposited film composition was determined by energy dispersive X-ray spectrometry (EDS) (JED-2001, JEOL). The surface morphology of the deposited film was observed 
by scanning electron microscope (SEM) (JSM-6700F, JEOL), and the chemical state of Fe or Pd in deposited film was estimated by energy spectrum of chemical analysis (ESCA) (ESCA-3400, Shimadzu), and the structure of the deposited film was determined by X-ray diffraction (XRD) (M21X TXJ-FO88, MAC Science) and a high-resolution transmission electron microscope (HRTEM) (JEM-2010F, JEOL). Figure 2 shows the influence of the cathodic current density on the Pd content in the deposited film. It is evident that Pd content in deposited film decreases with increasing the current density. Moreover, the Pd content in deposited film increases with increasing the Pd concentration in the bath.
Results and Discussion

Chemical composition of deposited films
Based on the above results, it can be concluded that the FePd alloy films with the film composition ranging from 7.8 at% Pd to 77.1 at% Pd have been electrodeposited from the bath using the NH 3 ÁH 2 O and (NH 4 ) 2 C 4 H 4 O 6 as complexforming additives. Figure 3 shows the change of ESCA spectrums in the Fe 2p and Pd 3d regions for Fe-Pd deposited film with 77.1 at% Pd. The as-deposited film was sputtered by using argon ionic etching for various duration to eliminate atmospherically oxidized and contaminated layer of the deposited film. The figure provides the evidence that iron is not in the free state in the surface of as-deposited film but in almost oxidized state. This can be attributed to the passive film formed on the surface or existence of unreduced iron. However, the metallic iron appears and the oxides disappear after 1, 5 and 10 minutes argon ionic etching. Moreover, the palladium exists in the metallic state in the surface and after 1, 5 and 10 minutes argon ionic etching. Based on the above results, it can be concluded that either iron or palladium exists in the metallic state in the Fe-Pd deposited film. . These two peaks are almost similar to the standard diffraction peak of -Fe with body-centered cubic, but shifted to the low degree side, which can be attributed to the -Fe solid solution. When the Pd content in deposited film reaches 28.5 at%, one relatively broad peak 2 ¼ 41:0 appeared as a second phase while -Fe phase lines gradually weaken, and completely disappeared when the palladium content in the deposited film reaches up to 69.5 at%. The peak around 2 ¼ 41:0 is almost similar to the standard diffraction peak of Pd or that of -Fe with face-centered cubic structure, but shifted to the low degree side, which can be attributed to the (-Fe, Pd) face centered-cubic solid solution. The fcc solid solution phase maintains until the Pd content in the deposited film reaches 77.1 at% Pd.
Chemical state of Fe-Pd deposited film
From the XRD results (Fig. 4) , the variations of the lattice constant of -Fe solid solution with body-centered cubic structure are calculated based on the diffraction peak (110), while that of (-Fe, Pd) face-centered cubic solid solution are calculated based on the diffraction peak (111). As shown in , it can be found that the lattice constant of -Fe solid solution increases linearly with increasing the Pd content to 28.5 at% Pd, whereas it maintains at the same level when the Pd content increases from 28.5 at% to 61.6 at% Pd in the deposited film, showing a supersaturated solid solution structure in the deposited film. Also the lattice constant of (-Fe, Pd) face-centered cubic solid solution increases linearly with increasing the Pd content in the deposited film, being in agreement with the Vegard's law. This is evidence that Fe-Pd deposited film exists as the face-centered cubic solid solution at the high Pd content. Figure 6 shows HRTEM micrographs of the Fe-Pd deposited films at different Pd content with bright field images and electron diffraction patterns. It is found that all the deposited films show the fine-grained structures and the crystal size decreases with increasing the Pd content in the deposited film. The crystal size of the deposited film with 77.1 at% Pd is measured based on the lattice image and estimated to be about 2.4 nm, showing the most finest structure in the deposited films which were prepared in the present study. This result is also in accordance with that obtained from the X-ray diffraction pattern, which was calculated by using Scherrer's formula.
HRTEM images and electron diffraction patterns
Moreover, as shown in the electron diffraction patterns of the deposited films, the film with 14.3 at% Pd (Fig. 6(a) ) shows a single -Fe phase with body-centered cubic structure. However, the films with high Pd content (Figs. 6(b) and 6(c)) show the (-Fe, Pd) face-centered cubic solid solution.
Morphology of Fe-Pd deposited film
It is essential for the Fe-Pd thin film in application for the magnetic media to have the smooth surface morphology. Figure 7 shows the change of surface morphologies of the Fe-Pd deposited films at different Pd content. All the deposited films are very flat and smooth. However, the deposited films with low Pd content are relatively rough. Then it can be considered that increasing Pd content of deposited film enhances its smoothness and brightness. 
Conclusions
The electrodeposited Fe-Pd binary alloy films with wide Pd content were prepared by form the novel bath by changing the bath concentration and electrodeposition conditions. Their crystallographic structures were determined by using XRD, while the chemical states of deposited film were analyzed with the help of ESCA. The results indicate that crystallographic structures of Fe-Pd deposited film are -Fe solid solution when the Pd content is below 14.3 at% Pd, the mixture of -Fe solid solution and the (-Fe, Pd) face centered-cubic solid solution when the Pd content is ranging from 28.5 at% Pd to 61.6 at% Pd, and the (-Fe, Pd) face centered-cubic solid solution when Pd content is up to 69.5 at% Pd. Moreover, the iron and palladium exist as metallic states in Fe-Pd deposited film.
